The theory of thermal ionization of gases was first given by M. N. Saha in a series of papers (1920 a, 1920 b, 1921) and widely applied by him an to explain the spectrum of the sun and furnish a satisfactory physical theory of stellar spectra and their classification. Saha considered the ionization of a unicomponent system, but it is evident th at in actual practice electrons may generally be obtained from the ionization of other atoms or from other surfaces and must therefore be considered as an independent constituent. This was done by E. A. Milne (1921) and H. N. Russell (1922) . The theory was further developed by Darwin and Fowler (1923) to include the different excited states of the atom and of the ionized atom, all of which are simultaneously in thermodynamical equilibrium. There may also be multiple ionization. At the time when the theory was first formulated the ionization potentials and the spectral characteristics of only a few elements were known and hence it could be applied only to those few elements, but thanks to the recent developments in atomic physics we are now in posses sion of the values of ionization potentials as well as the spectra of almost all the elements in their different stages of ionization. So a detailed comparison of the theory with experimental results can now be satisfactorily done. A full account of the theory and its applications to astrophysical problems has been given by Pannekoek (1930) .
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On the purely experimental side the progress has not been so marked. This is mainly due to the extremely difficult technique encountered at high temperatures which are necessary for producing a measurable ionization in the case of most substances. Even for the most easily ionizable gases, such as the alkali vapours, a temperature of about 2000° C is necessary. Saha and his co-workers (1927) performed a number of laboratory experi ments in which they proved that the alkali metals can be ionized by heating their vapours to temperatures of about 2000° C which are available in the laboratory. The ionization was detected from the fact th a t their vapours which are non-conducting a t the lowest temperature acquire increasing conductivity at higher temperatures, and elements with the lowest ioniza tion potential showed the greatest amount of conductivity. These experi- [ 26 ] ments only served as a qualitative confirmation of the theory but an exact quantitative verification was yet lacking. The quantitative verification of the theory was first achieved by I. Lang muir and K. H. Kingdon (1925) for caesium vapour. Further work in this direction was done by T. J. Killian (1926) in America with rubidium and potassium vapour, by E. Meyer (1930) in Germany with potassium and by N. Morgulis (1934) in Russia with sodium. The theory of all such experiments was first given by Langmuir and Kingdon (1925) . The apparatus used by them was an ordinary thermionic valve having a central filament and a coaxial cylindrical anode. Caesium was kept in a side pocket, and thus the whole tube was filled with caesium vapour a t its saturation vapour pressure. The axial filament was heated, and when the caesium atoms struck it they became ionized into caesium ion and electron. At the surface of the filament the atoms, the ions and the electrons are in thermodynamic equilibrium and their concentrations must obey the Saha formula. The concentrations of the ions and electrons are determined by measuring the respective currents between the filament and the anode when suitable potentials are applied, it being assumed th a t on account of absence of molecular collisions the equi librium state is not altered when these move away from the filament. The method is very elegant in th at the whole apparatus is not to be raised to the temperature a t which the dissociation is to be investigated and thus very high temperatures can be conveniently employed. I t is, however, com plicated by the adsorption of the atoms or ions on the filament surface. The extent and thickness of this coating varies with the temperature of the filament, the pressure of the vapour, etc. The coating is also found not to be uniform all along the surface. This coating alters the effective thermionic work function for the surface and thus materially alters the electronic emission. On account of these uncertainties, the results of the different workers are not quite concordant. Another disadvantage is th at on account of this coating the electron emission from the surface varies in an irregular manner, and it may so happen th at a t certain temperatures the electron current and the ion current may not both be quite suitable for measurement. For caesium, rubidium and potassium on tungsten or molybdenum filaments the ionization potential is less than the electronic work function of the pure metal, and the currents in these cases are quite suitable over a sufficient range of temperatures. With sodium on tungsten surface the reverse is the case, and Morgulis found th at there is very little ionization at low tem peratures, but at high temperatures the sodium coating evaporates and there is considerable ionization. He, however, finds for any one temperature different degrees of ionization for different pressures, a result not in accordance with Saha's theory. There is, however, in general an increase of ionization with increase of temperature. There is thus only a qualitative agreement with the theory.
Quite a different type of apparatus has been constructed in this laboratory by M. N. A. N. Tandon (1936, 1937) and has been widely used by Tandon (1937 Tandon ( , 1938 ) and the present author (Srivastava 1938 (Srivastava , 1939 for studying the dissociation of some alkali halides. This apparatus is eminently suited for investigations on thermal ionization of vapours and has been employed in the present paper for studying the thermal ionization of barium. Barium was chosen for several reasons. First, there is very little work hitherto done on the thermal ionization of barium. The only experi ments done with barium are those of J. M. Elgin (1928), H. Nelson (1931) , J. A. Becker (1929) and some unpublished work of Ryde and Harris. These are all concerned with the emission from a barium-coated tungsten surface and a detailed study of the surface effects, but no attem pt has been made to verify the ionization formula in detail. Secondly, unlike the alkali metals, barium is very convenient to handle and experiment with. Thirdly, the ionization of barium is very interesting in view of the well-known barium anomaly in the solar spectrum. Though barium and sodium have almost equal ionization potentials, yet it is found th a t while barium is almost completely ionized in the sun, sodium is only slightly ionized. In fact, it is found th at barium and rubidium, in spite of their great difference in ioniza tion potential (about 1 V), are equally ionized in the sun. We shall presently see how our experimental results fully support the usual explanation given for this phenomenon, viz. the existence of weight factors and the metastable states of barium ion.
Theory
According to Darwin and Fowler's modification (1923) of the ionization formula, we have
where Xi denotes the energy required to ionize the unexcited atom (i.e. the ionization potential for the fundamental state), ge the weight factor for the electron and is equal to 2, and b(T)and b'(T) are given b
Here gi n denotes the weight factor and Xi,n the energy of the ionized atom in the wth quantum state. Equation (1) can be w ritten in the form = -4.5^3y + 1 log T+ l o g^ + log 2 + log b \T ) = ~ 4.5^3y + f log T-6-479 + log 2 + log 6'(T) -log 6
if the pressures are expressed in atmospheres, and the values of the other quantities are substituted. U is the energy of ionization of a gram-atom of barium vapour in calories and is equal to NeVJSOOJ, where Vi is the ioniza tion potential of barium equal to 519 V, N the Avogadro number. Thus U = 119*5 kcal. For calculating b(T) and b'(T) we must know the energy states of barium and barium ion and their quantum weights. These are given by Bacher and Goudsmit (1932, pp. 70-77) , and are taken from the works of Paschen-Gotze, Fowler and Russell and Saunders. For barium the term values corresponding to the configurations 6s2, 6 are considered as the contribution of the higher terms becomes less and less and is negligible. Similarly for barium ion the normal level 5p%s 2Sj, the metastable levels 5pQ 5d 2D | 4 and the levels corresponding to the configuration 5p66p have been considered and the higher terms neglected. The detailed calculation of b(T) and b'(T) is given later and the values obtained for different tem peratures are given in table 1. From equation (4) it is evident th a t the effect of the weight factors is, so to say, to decrease the ionization potential of the atom. We shall call this reduced value the effective ionization potential and denote it by Uett . I t is evidently given by uett. = *7-4-573T{log 2 + log -log (5) where U is the true heat of ionization. For purposes of comparison the values of Uett obtained experimentally and th a t obtained from formula (5) are both given in table 1.
Apparatus
The demountable vacuum graphite furnace used in these experiments has been described in detail by M. N. Saha and A. N. Tandon (1936) , and the internal arrangement employed here has been described by the author (Srivastava 1938) and is shown in figure 1 . High temperature is produced in the graphite tube F which is heated by a current of the order of a thousand amperes from a low-tension transformer. This tube has a fine circular hole on one side, while on the other side there is a conical cavity C in which a hollow conical plug P of graphite fits gastight. The auxiliary furnace A which contained barium at the bottom was fitted gastight with the help of screw and collar arrangement into the main furnace near one end as shown in the figure. This furnace was thus heated simply by conduction from the graphite furnace F and by using a tube of suitable length and wall thickness the desired temperature was obtained. Further the furnace is made thicker a t the bottom where the barium powder is kept so th at the temperature gradient in its neighbourhood is very small and the temperature of the solid is correctly given by the nickel-nichrome thermocouple T inserted in the wall. Barium vapour coming from A suffers dissociation inside F into barium ions and electrons according to equation (4) and the products of dissociation effuse out through the narrow orifice after which they traverse a magnetic field produced by two electromagnets M placed on either side. The magnetic field had no particular purpose to serve in this case. I t only showed th at the negative current almost wholly consists of electrons in this case while the positive particles are much heavier as is expected. The effusion beam is limited by a diaphragm D of radius r placed at a distance d from the effusion hole. Behind the diaphragm is a Faraday cylinder connected to a sensitive galvanometer and suitable positive or negative potentials were applied between the Faraday cylinder and diaphragm in order to collect the par ticles of the desired charge.
Under the conditions it can be shown th a t the galvanometer current ig is given by the relation *
*J(2mnkT)r2
where S is the area of the effusion hole, and T denote the pressure and temperature of the ion inside the furnace. The equilibrium constant K is therefore given by the relation Pb& V r2 a I f all the pressures are expressed in atmospheres, we have K Pb» +P« 2.itlcT l + v'("W e*S* \ r2 ) pBa (1-013 x 10«)2' ' ?
All the quantities occurring in this equation can be experimentally measured or are otherwise known, and hence K can be experimentally determined. This can be compared with the theoretical value given by the ionization formula (4). There is some uncertainty regarding the quantity p Ba, the pressure of atomic barium vapour in the furnace F. The vapour pressure of barium in the required range of temperatures has been measured by Rudberg and Lempert (1935) and is found to be given by the formula 8980 logioP(mm.) -------+ 6'99-
In the absence of any information to the contrary it is safe to assume that a t the temperatures under consideration the vapour is almost entirely monatomic. This, however, gives the vapour pressure in the auxiliary fur nace. Due to thermal transpiration the pressure in the main furnace will be somewhat different. As discussed by the author elsewhere (Srivastava 1939) this cannot be exactly determined. For our present purpose we shall assume the full Knudsen effect, i.e. pjp2 = ^(^1/^2)-There will be some uncertainty in the value of K due to this cause alone, but the corresponding effect on Uett will be almost negligible.
E xperimental procedure
First the graphite tube was thoroughly degassed by prolonged intermittent heating for several hours, after which the currents in the blank experiment diminish to a negligible value. This was particularly necessary in this case since the positive currents during the actual experiment are somewhat small. In order to ensure th at the currents during the main experiment are much greater than those in the blank experiment care was taken to first perform the blank experiment and note the currents for the different tem peratures. Then without disturbing the rest of the arrangement the auxiliary tube was taken out, filled with barium and again fitted in and the currents again observed for different temperatures. In every case it was found th a t the currents during the experiment were much greater than those for the blank experiment. After the steady state had been attained the currents were measured at 2 V with different currents through the electromagnet and for purposes of calculation the negative current without magnetic field and the positive current with magnetic field were employed.
The temperature of the graphite furnace was measured by means of a Siemens' optical pyrometer and was correct to ± 10°. As the temperature of the furnace was not quite uniform, the mean temperature of the tube was determined and employed for the purpose of calculation. In view of these uncertainties the slight difference of temperature between the inside and outside of the graphite tube as well as the slight difference between the true temperature and the blackbody temperature of the graphite tube have been neglected.
The experiments were done with two different tubes. The barium used was supplied by Merck and the tube was freshly opened. The results obtained are recorded in table 1.
In the columns (11) and (12) I t is seen th a t the contribution of higher terms goes on decreasing and hence only a few terms need be considered. Only five terms in b(T) and three terms in b'(T) have been employed here in the calculations. Table 1 Radius of limiting diaphragm = 4-2 mm. Accelerating potential = 2 V. Current sensitivity of the galvanometer = 1*54
amp./mm.
Thermal ionization of barium
S^COt'-00i-HO5CD<Na0C5 I t will be observed th at the positive currents are much smaller than the negative currents. This is to be expected since the barium ion being 2-5 x 105 times heavier than the electron, its rate of effusion will be about 500 times slower. The positive and negative currents will, however, not exactly follow this relation since their concentrations inside the furnace are not equal, for electrons are also given out by the graphite tube.
In view of the uncertainty in the determination of T by about 2 % as stated before, it is not safe to compare the values of If obtained experiment ally, since a slight error in T produces a large error in K as log K varies as 1 jT. I t is, however, reasonable to compare the values of log If, as errors in this quantity will occur to the same percentage as the experimental errors in I 7. A comparison of the values of log If at different temperatures shows th a t in general the values of log K at lower temperatures are smaller than those at higher temperatures as demanded by the ionization theory. For the purpose of detailed comparison with the theory we have calculated log A theoretically for different temperatures and recorded the values in column (15). A comparison of columns (9) and (15) will show th a t the experimental and theoretical values of log K agree well within the limits of experimental error. A more striking comparison is obtained by calculating a quantity Ue L t , which we call the effective ionization energy, from the simple formula j^ly -lio g T -e -iv g -io g K , ( io) using the values of log K obtained above experimentally. These values are recorded in column (10). The values of Ueit calculated from the theoretical formula (5) are given in column (13) and the difference between the experi mental and theoretical values are recorded in column (14). The figures in column (14) show th at the agreement between theory and experiment is quite satisfactory, the departure being no greater than the errors of obser vation. This method of comparison shows clearly th at the effective ionization energy is not 119-5 kcal. corresponding to the ionization potential (5-19 V) of barium atom, but is less as required by the existence of the weight factors. The difference is also approximately equal to the amount given by the theory.
Ueti on the whole appears to increase with decrease of temperature as required by equation (5), but the experimental evidence is, however, not quite conclusive. The expected change during the small range of tem peratures of the experiment is only about 0-5 % and is so small th at it is more or less masked by the experimental errors which are greater than this amount. The contribution of higher levels and the metastable levels of barium ion a t these temperatures is extremely small, amounting only to about 0*2 % in Ue t t , and cannot therefore be demonstrated by these experi ments. Our experiments, however, clearly show th a t a t the temperature of the sun (6000°) Uett will be much less.
These experiments therefore verify the ionization formula completely within the limits of experimental error and also support the explanation usually given for the fact th a t barium is completely ionized in the sun but sodium is not, though the ionization potentials of both are nearly equal (barium = 5*19 V, sodium = 5*12 V). The weight factor terms for sodium cancel out but for barium they have a finite contribution and this brings down the effective ionization potential of barium a t 6000° to 4*10 V nearly.
In conclusion I take this pleasant opportunity of expressing my sincere thanks and gratefulness to Professor M. N. Saha, D.Sc., F.R.S., for his valuable guidance throughout the work. Our thanks are also due to the Royal Society of London for giving a grant which enabled us to construct the furnace and buy its accessories.
Summary
In this paper a new method has been described for experimentally studying the thermal ionization of gases. The apparatus used has already been described in detail by Saha and Tandon elsewhere. Thermal ionization of barium vapour has been investigated at various temperatures and the equilibrium constant and the effective energy of ionization have been calculated. The results obtained agree, within the limits of experimental error, with the theory of thermal ionization. The results also support the usual interpretation of the well-known barium anomaly in the solar spec trum, and yield for the effective ionization energy at 1500° C a value of 114*1 kcal., though the ionization potential of barium is 5*19 V corre sponding to 119*5 kcal. The theoretical value for this quantity a t 1500° C is 114*4 kcal. The agreement is therefore quite satisfactory.
